Low formation loads are desirable in metal stamping industries as it reduces the press capacity of the machine and the tooling cost. In the previous study, the author had successfully developed a 2-stage end formation process of a round tube into a square section having small corner radii. However, the formation load in this process increased linearly with the punch stroke in the 1st stage due to the continuous expansion of the tube end by the conical die. Hence, buckling and cracks occurred at the circular section and the bottom end of the square section respectively when the punch stroke was excessive. In this study, the author proposes a circular die having a conical bottom replacing the conical die for the expansion of the tube end. Although the formation load increases when the tube end is expanded at the conical bottom, the amount of increase becomes small when the tube end reaches the circular section of the die due to its constant diameter. At the circular section, the tube end curls and wraps over the die when the punch stroke is increased. In the 2nd stage, the squaring process is performed with a conical bottom square punch and a taper square die for the two different expanded tubes i.e. the one formed with the conical die and the one formed with the conical bottom circular die. Both Finite Element Method (FEM) simulation and experiment were performed to evaluate these two processes. The distribution of plastic strains, forming loads and product appearances are investigated. With the circular die, the maximum forming loads are successfully reduced by 20% and 33% in the 1st and the 2nd stages respectively in the experiment when compared to the ones formed with the conical die. No buckling and cracks are observed for the tube formed with the circular die.
Introduction
In past years, the plastic shaping of a round tube into a square section had been reported by many researchers. Alves et al. expanded the tube end with a square punch [1] . Local thinning and cracks of tube occurred around the punch corners due to stretching. The author developed a 2-stage end formation process of a round tube into a square section having small corner radii with an improved square look [2] . Although the square section's height increased when the punch stroke in the 1st stage is increased, the formation load increased linearly with the punch stroke due to the continuous expansion of the tube end with a conical die. Necking and cracks occurring at the bottom end of the square sections due to excessive punch stroke in the 1st stage had limited the increase in height of the square section.
In this study, a 2-stage end formation process of a round tube into a square section with low formation load is proposed. In the 1st stage, a conical bottom circular die is employed to expand the tube end to a diameter slightly larger than the diagonal length of the target square. In the 2nd stage, a conical bottom square punch holds and pushed the expanded conical tube end through a taper square die to form a square section.
Experimental procedures
The comparison of the detailed forming conditions in the 1st stage of the end forming process between the conical die [2] and the conical bottom circular die is shown in Fig. 1 . API seamless tubes measuring an outer diameter of 48mm and an initial wall thickness of 3.5mm are expanded with the two dies. The conical angles of the two dies measure the same value of 30˚. Under the same punch stroke, the diameter of the expanded tube end formed by conical die is greater than the diameter of the conical bottom circular die.
The detailed forming conditions in the 2nd stage of the end forming process are shown in Fig. 2 . The expanded tube end is placed on top of the taper square die with an entry angle and an exit angle of 25˚ and 10˚ respectively. The square punch firmly holds and pushes the tube end through the square die and the square section having flat side walls are formed. The two different expanded tubes obtained from 1st stage i.e. the one formed with the conical die and the one formed with the conical bottom circular die are end-formed into square sections in the 2nd stage. The side lengths of the square die opening and the square punch are 51mm x 51mm and 45mm x 45mm respectively. Hence, the clearance is set at 3mm i.e. 14.3% less than the initial wall thickness of the tube. The die surfaces are flame-hardened at HRC55 and above to enhance its resistance to galling due to the high frictional force during the drawing process. All interfaces except the contact surface between the square punch and the tube are lubricated with the extreme pressure heavy duty stamping and deep drawing oil, ACI PRESSCUT J133. The interface between the punch and the tube is kept dry to avoid sliding which may occur between the pipe and the conical bottom of the punch during the drawing process. A 600 kN Instron Universal Testing Machine is used in both stages for the compression of the tube at a speed of 10 mm/min. After the formation, an eject die is used to remove the part from the square punch. Detailed forming conditions in 2nd stage of end forming proces
FEM Simulation Conditions
The 1/4 model for the combined 2-stage end formation process is shown in Fig. 3 . The model is assumed to be symmetry at the X-Z plane and the Y-Z plane. All tools are modeled as rigid and the tube is modeled as deformable. The deformable material is assumed to be homogenous and isotropic. The size of the element in the deformation zone is set at 1.6 mm x 0.7 mm x 1.3 mm. The element type is an 8-node linear brick element with reduced integration and hourglass control. The flow stress curve for API tube in the previous study [2] is adopted in the simulation. The coefficient of frictions for all contact surfaces are set at 0.1. A commercial FEM software ABAQUS/STANDARD Ver. 6.9 is used in the simulation. In the 1st stage, the flat punch, the tube and the conical bottom circular die
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Advanced Materials and Processes III are set in contact with each other whilst the contacts between the tube and other tools are disabled. After the formation ended, the contact pairs of flat punch-tube and of circular die-tube are disabled whilst the contacts between the tube and other tools are enabled in the 2nd stage.
Results & Discussion
Distribution of Plastic Strains. The distribution of the plastic equivalent strains (PEEQ) and the deformation behaviors for the 2-stage end formation process obtained from the simulation is shown in Fig. 4 . In the 1st stage, the PEEQ increases along the conical profile until it hits the peak value of 0.532 around the shoulder of the circular die. The value slightly decreases around the bottom end due to curling. In the 2nd stage, the conical end is compressed by the taper square die into a square section. The material is compressed and forced to the corner of the square section. Hence, the highest Formation Loads. The comparison between the experimental and the simulated forming loads in the 1st and the 2nd stages between the tube formed with the conical die and the one formed with the conical bottom circular die are shown in Fig. 5 . In the 1st stage, the forming load for the circular die increases with the punch stroke and the amount of increase becomes small when the displacement greater than 25 mm. Whereas, the forming load for the conical die in the 2nd stage increases linearly with the punch stroke. The maximum forming in the 1st stage is successfully reduced by 20% with the circular die when compared to the conical die. In the 2nd stage, the forming loads are almost constant during the formation of the curl end into the square section for the circular die. Whereas, the forming load for the conical die increases with the punch stroke and hits a peak value of 225 kN as the cone end is compressed into the square section. The maximum forming load in the 2nd stage is successfully reduced by 33% with the circular die when compared to the conical die.
Tube appearance. The comparison of the product appearances between the tubes formed with the circular die and the one formed with the conical die is shown in Fig. 6 . Although these two products are formed with the same punch stroke in the 1st stage, no bukling and cracks are observed for the products formed with the circular die when compared to the ones formed with the conical die when the punch stroke in the 1st stage is excessive. Fig. 6 Comparison of product appearance between tubes formed with circular die and one formed with conical die
Conclusion
The forming loads of the end formation process of round tube into square section are successfully reduced by 20% and 33% in the 1st and the 2nd stages respectively using the conical bottom circular die. No buckling and cracks are observed at the products formed with the circular die when the punch stroke in the 1st stage is excessive.
